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The Hubble tension and attempts to resolve it by modifying the physics of (or at) recombination
motivate finding ways to determine H0 and the sound horizon at the epoch of baryon decoupling rd
in ways that neither rely on a recombination model nor on late-time Hubble data. In this work, we
investigate what one can learn from the current and future BAO data when treating rd and H0 as
independent free parameters. It is well known that BAO gives exquisite constraints on the product
rdH0. We show here that imposing a moderate prior on Ωmh
2 breaks the degeneracy between rd and
H0. Using the latest BAO data, including the recently released eBOSS DR16, along with a Ωmh
2
prior based on the Planck best fit ΛCDM model, we find rd = 143.7± 2.7 Mpc and H0 = 69.6± 1.8
km/s/Mpc. BAO data therefore prefers somewhat lower rd and higher H0 than those inferred
from Planck data in a ΛCDM model. We find similar values when combing BAO with the Pantheon
supernovae, DES galaxy weak lensing, Planck or SPTPol CMB lensing and the cosmic chronometers
data. We perform a forecast for DESI and find that, when aided with a moderate prior on Ωmh
2,
DESI will measure rd and H0 without assuming a recombination model with an accuracy surpassing
the current best estimates from Planck.
I. INTRODUCTION
The 4.2σ tension between the Hubble constant H0 =
73.5 ± 1.4 km/s/Mpc measured using Supernovae type
Ia (SN) calibrated on Cepheid variable stars by the Su-
pernovae H0 for the Equation of State (SH0ES) collab-
oration and the H0 = 67.36 ± 0.54 km/s/Mpc value im-
plied by the Λ Cold Dark Matter (ΛCDM) fit to the cos-
mic microwave background (CMB) anisotropy data from
Planck [1] prompted significant interest in new physics
at the epoch of recombination [2–12] (see [13] for more
references). This is because the value of H0 one gets from
CMB is directly tied to the sound horizon at last scatter-
ing, which is closely related to the sound horizon at the
baryon decoupling rd that sets the characteristic scale of
Baryon Acoustic Oscillations (BAO) in the distribution
of large scale structure. Both CMB and BAO measure
the angular size of the acoustic scale at the respective
redshifts, and a smaller rd would imply a larger H0.
While both CMB and BAO determine H0 from the an-
gular acoustic scale, there are some important differences.
Firstly, there is much more information in the CMB than
just the positions of the acoustic peaks. It is generally not
trivial to introduce new physics that reduces rd without
worsening the fit to other features of the temperature
and polarization spectra. Secondly, to get any informa-
tion about the H0 from CMB spectra, it is not enough
to simply know rd - one actually needs a model of the
recombination, since one does not have an independent
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measure of the redshift of decoupling. In contrast, in the
case of the BAO, one knows the redshift of the BAO fea-
ture from spectroscopy of galaxies, so there is more hope
of learning something about the H0 without relying on a
recombination model.
It is well-known that BAO observations constrain the
product rdh, where h ≡ H0/(100 km/s/Mpc). Several
strategies have been adopted to break the degeneracy
between rd and h, while avoiding using information from
CMB spectra (which is based on a recombination model
and measures both rd and h exquisitely well). One option
is to assume a particular recombination model, supple-
mented by a prior on the baryon density [14–18], which is
well-constrained by the Big Bang Nucleosynthesis (BBN)
[19]. This places a prior on rd which then helps to con-
strain H0. Further combining BAO and BBN with weak
lensing (WL) and SN data results in tight constraints
on cosmological parameters [20]. Alternatively, one can
combine BAO with measurements of the Hubble con-
stant to infer rd [21–23]. Neither strategy is fully sat-
isfactory as it is either model-dependent or relies on ob-
servational data which is in tension. In fact the latter
method simply recasts the Hubble tension as the rd ten-
sion. Since solutions to the Hubble tension include pro-
posals of modified recombination, it would be preferable
to have a recombination-model-independent determina-
tion of both rd and H0 using datasets that are not in
tension with either SH0ES or Planck. We show that this
is indeed possible.
As we show in Sec. II, a prior on Ωmh
2 helps to
break the degeneracy between rd and H0. Hence, treat-
ing rd and H0 as independent observables, in Sec. III we
combine BAO with data capable of constraining Ωmh
2,
such as galaxy and CMB WL. The CMB lensing power
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2spectra are particularly useful as they probe the largest
scales of the underlying matter power spectrum, includ-
ing the horizon scale at the matter-radiation equality [24].
Following [25], we also include the cosmic chronometer
(OHD) data [26]. In addition, we derive bounds on rd and
H0 from BAO alone supplemented by a moderate prior
on Ωmh
2. Moderate means that it is sufficiently weak to
be consistent with the Planck best fit model as well as
viable models with modified recombination histories.
Interestingly, we find that both methods, using
BAO+data and BAO+prior, give almost identical mean
values for rd and H0 and similar 1σ uncertainties around
3 Mpc and 1.7-1.8 km/s/Mpc, respectively. We find the
mean value of H0 to be around 69.5 km/s/Mpc, lying in
between the Planck and the SH0ES values. Thus, we find
that, when no recombination model is assumed, the BAO
data is not in significant tension with either of the two.
Furthermore we perform a forecast for future BAO
data from the Dark Energy Spectroscopic Instrument
(DESI) and show that, when combined with a moderate
prior on Ωmh
2 it will constrain rd and H0 with precision
better than Planck’s, without the need for a recombina-
tion model. Future CMB experiments, such as the Simons
Observatory (SO) [27] and CMB-S4 [28], will significantly
improve on the current CMB lensing reconstructions [29]
and can be used along with the future galaxy WL data
from Euclid [30] and Legacy Survey of Space and Time
(LSST) [31]. Thus, we expect excellent recombination in-
dependent bounds on rd and H0 from the combination
of DESI, SO/CMB-S4 and Euclid/LSST, but leave the
detailed forecast to a future study.
Finally we emphasize the importance of the rdh pa-
rameter, which can be well-measured by BAO alone along
with Ωm. As we show, current BAO data measures rdh to
a percent level accuracy. It agrees well with the ΛCDM
value derived from Planck and is in tension with some
alternative models. DESI will measure rdh and Ωm with
accuracy 4-5 times better than Planck’s in a recombina-
tion independent way, providing a powerful consistency
test capable of falsifying competing models.
II. BAO OBSERVABLES AND THE
PARAMETER DEGENERACIES
The BAO scale is set by the comoving sound horizon
rd at the epoch of baryon decoupling zd, also called the
“drag” epoch. It is given by
rd =
∫ ∞
zd
cS(z)dz
H(z)
, (1)
where the sound speed cS(z) is a known function of the
baryon to photon densities ratio, and
H(z) = H0
√
Ωr(1 + z)4 + Ωm(1 + z)3 + 1− Ωm − Ωr,
(2)
where Ωr and Ωm denote the present day density frac-
tions in relativistic and non-relativistic matter, and
where we have assumed a flat ΛCDM universe, so that
ΩΛ = 1−Ωm −Ωr. It is often useful to work in terms of
the dimensionless Hubble parameter h(z) = H(z)/(100
km/s/Mpc) and the physical density parameters ωi ≡
Ωih
2, where h ≡ h(0). Rewriting Eq. (2) as
h(z) =
√
ωr(1 + z)4 + ωm(1 + z)3 + h2 − ωm − ωr (3)
makes it apparent that, once the physical densities ωi are
provided, the value of h plays practically no role at z >
zd ∼ 1000 and, hence, in the integral (1). This justifies
treating rd as a parameter independent of H0.
The BAO observables one extracts from surveys of
galaxies and other tracers of large scale structure are
of three types [32]: the acoustic feature measured using
correlations in the direction perpendicular to the line of
sight,
β⊥(z) = DM (z)/rd, (4)
where DM (z) =
∫ z
0
cdz′/H(z′) is the comoving distance
to redshift z, the feature measured in the direction par-
allel to the line of sight,
β‖(z) = H(z)rd, (5)
and the angle-averaged or “isotropic” measurement,
βV (z) = DV (z)/rd, (6)
where DV (z) =
[
czD2M (z)/H(z)
]1/3
. At redshifts of rel-
evance to galaxy surveys we can safely ignore the contri-
bution of relativistic species in the expression for h(z).
Then, β⊥ can be written as
β⊥ =
∫
2998 Mpc dz′
rdh
√
Ωm(1 + z)3 + 1− Ωm
(7)
or, equivalently, as
β⊥ =
∫
2998 Mpc dz′
rdω
1/2
m
√
(1 + z)3 + h2/ωm − 1
. (8)
From Eq. (7) it is clear that having BAO measurements
at multiple redshifts allows one to measure two numbers:
rdh and Ωm. It is also evident from Eq. (8) that one can
break the degeneracy between rd and h by supplementing
BAO with a prior on ωm. The same argument also applies
to the other two BAO observables.
Fig. 1 illustrates the above points. In the left panel we
show the constraints on rdh and Ωm derived from the
latest BAO data (detailed in Sec. III), while the right
panel shows the corresponding bounds on rd and H0.
Adding the SN data helps to constrain Ωm, thus slightly
reducing the uncertainties in the rdh−Ωm plane. As one
can see from the right panel, adding a prior on Ωmh
2
breaks the degeneracy allowing to constrain rd and H0
individually.
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FIG. 1. Constraints on rdh, Ωm, rd and H0 derived from the latest combination of the BAO data, and from BAO combined
with SN. The right panel shows that a prior on Ωmh
2 breaks the degeneracy between rd and H0.
rdh [Mpc] Ωm rd [Mpc] H0 [km/s/Mpc]
BAO 99.95± 1.2 0.297+0.014−0.016 - -
BAO+SN 99.9± 1.0 0.297± 0.013 - -
BAO+SN+DES 100.1± 1.0 0.294+0.011−0.012 152.3+6.2−7.6 65.9± 3.4
BAO+SN+PL 100.0± 1.0 0.295± 0.012 151.3+7.8−4.2 66.2+1.8−3.6
BAO+SN+SL 99.9± 1.1 0.297± 0.013 145.5+6.7−9.1 68.8± 3.6
BAO+SN+OHD 99.9± 1.0 0.298± 0.013 144.4± 3.4 69.2± 1.7
BAO+SN+DES+PL 99.9± 1.0 0.297± 0.012 145.9+5.0−8.3 68.6+4.1−3.2
BAO+SN+DES+SL 100.2± 1.0 0.292+0.011−0.014 142.1+4.0−7.3 70.7+4.0−2.7
BAO+SN+DES+PL+OHD 99.99± 0.84 0.2961± 0.0083 144.4+2.8−3.4 69.3± 1.7
BAO+SN+DES+SL+OHD 99.96± 0.85 0.2960± 0.0083 143.6+2.8−3.3 69.6± 1.7
BAO+fixed Ωmh
2 = 0.143 100.1± 1.2 0.294+0.014−0.016 143.7± 2.5 69.7± 1.8
BAO+prior Ωmh
2 = 0.143± 0.0011 100.0± 1.2 0.294+0.014−0.016 143.8± 2.6 69.6± 1.9
BAO+prior Ωmh
2 = 0.143± 0.0022 99.99± 1.2 0.294+0.014−0.016 143.7± 2.7 69.6± 1.8
BAO+fixed Ωmh
2 = 0.145 99.95± 1.2 0.295± 0.016 142.9± 2.5 70.0± 1.8
BAO+prior Ωmh
2 = 0.145± 0.0014 100.0± 1.2 0.294+0.015−0.017 142.9± 2.6 70.0± 1.9
BAO+prior Ωmh
2 = 0.145± 0.0028 100.0± 1.2 0.294+0.014−0.016 142.7± 2.8 70.1± 1.9
TABLE I. The mean parameter values and 68% CL uncertainties derived from the considered combinations of datasets.
III. CONSTRAINTS FROM CURRENT DATA
We use a collection of BAO measurements to date,
including the ones derived from the recently released
Date Release (DR) 16 of the extended Baryon Oscilla-
tion Spectroscopic Survey (eBOSS) [18]. Being a multi-
tracer galaxy survey, eBOSS provides BAO and red-
shift space distortions (RSD) measurements at multi-
ple redshifts from the samples of Luminous Red Galax-
ies (LRGs), Emission Line Galaxies (ELGs), clustering
quasars (QSOs), and the Lyman-α forest. In this work,
we use the BAO measurement from the full-shape auto-
and cross-power spectrum of the eBOSS LRGs and ELGs
[33, 34], the BAO measurement from the QSO sample
[35], and from the Lyman-α forest sample [36]. Since all
these measurements are at z > 0.6, we combine with
low-z measurements, including the BAO measurement by
6dF [37], SDSS DR7 main Galaxy sample (MGS) [38], to
complement. We use CosmoMC [39] modified to work with
rd as an independent parameter. The cosmological pa-
rameters we vary are rd, H0 and either Ωm or Ωmh
2.
As explained in Sec. II, BAO on their own can con-
strain Ωm and the product rdh. To constrain rd and H0
individually, one can either supplement BAO with data
that provides a prior on Ωmh
2, or data that constrains
H0, or the combination of the two. Restricting to datasets
that do not rely on modelling the recombination physics,
the first option includes the galaxy and the CMB weak
lensing data. To that aim, we consider the Dark Energy
Survey Year 1 galaxy clustering and weak lensing data
(DES) [40], the lensing power spectra from Planck 2018
(PL) [41] and SPTpol (SL) [42, 43]. As was shown in [44],
CMB lensing constrains the combination of As(Ω
0.6
m h)
2.3,
where As is the primordial fluctuations spectrum am-
plitude. Further combining it with galaxy lensing helps
to constrain As and deliver a prior on Ωmh
2. We also
use the Pantheon SN sample [45] which does not help in
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FIG. 2. Constraints on rd and H0 derived from the BAO data
combined with Pantheon SN, DES galaxy WL, CMB WL from
Planck and SPTPol, and the OHD data. The grey bands show
the 68% and 95% CL determination of H0 by SH0ES. The
ΛCDM based bound from Planck CMB anisotropy spectra is
shown for reference.
breaking the rd-H0 degeneracy but still helps a little bit
by providing an independent constraint on Ωm. We find
that the combination of the SN, DES and PL data gives
Ωmh
2 = 0.140±0.011 at 68% confidence level (CL). This
constraint is an order of magnitude weaker than that de-
rived from the Planck CMB anisotropies, but future weak
lensing data will do significantly better. For the second
option, to avoid data contributing to the Hubble tension,
we use the cosmic chronometer data (OHD) from [46, 47].
The latter contain determinations of H(z) at 31 redshifts
in the 0.1 . z . 2 range and, since Ωm and H0 are the
only parameters in our flat FRW model, provides a han-
dle on the value of H0 when combined with the BAO.
Fig. 2 shows the effect of combing BAO with weak lens-
ing data, namely BAO+SN+DES, BAO+SN+DES+PL
and BAO+SN+DES+SL, and with the OHD data, as
well as their combination. The comprehensive list of
parameter constraints from various data combinations
is given in Table I. Clearly, the OHD data domi-
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FIG. 3. Constraints on rdh, rd andH0 from BAO and different
priors on Ωmh
2. The constraint from a combination of current
recombination-independent data is shown as well. The green
vertical bands correspond to the Planck best fit ΛCDM. The
grey bands show the H0 measurement by SH0ES.
nates the constraints when included. We also note that
BAO+SN+SL prefers a somewhat higher H0 and smaller
rd, while still being quite consistent with BAO+SN+PL.
The mean values obtained from BAO+SN+OHD and
BAO+SN+DES+PL(+SL) also show a good consistency
with each other, although the uncertainties in the lat-
ter are large. Combining all the data together, we find
H0 = 69.3/69.6 ± 1.7 and rd = 144.4/143.6+2.8−3.4/3.3 from
BAO+SN+DES+PL/SL+OHD.
Fig. 3 shows the posterior distributions of the relevant
parameters derived using the BAO data supplemented
by two choices of a Gaussian prior on Ωmh
2, one based
on the Planck best fit ΛCDM [1] and the other on an
alternative recombination model that also gives an ac-
ceptable fit to the CMB [10]. The plot shows that the
results are not very sensitive to the choice of the prior.
Table I shows results with fixed values of Ωmh
2 and a
prior of doubled width, all giving comparable outcomes.
This indicates that the uncertainties are dominated by
those in the current BAO data. As we will see in the
next section, the strength of the Ωmh
2 prior will play a
more important role for future BAO data from DESI.
It is worth noting that the CMB-derived best fit value
of Ωmh
2 is quite consistent between a number of mod-
5els with modified recombination histories1. This further
justifies applying a prior on Ωmh
2 when attempting to
gain recombination-model-independent information from
BAO. It also provides a consistency test with the results
obtained by combining BAO with the weak lensing and
the OHD data.
For comparison, in Fig. 3, we also show the con-
straints from the BAO+SN+DES+PL/SL+OHD which
are largely the same as those derived using the Ωmh
2
prior. Both methods give rd ≈ 144 ± 3 Mpc and H0 ≈
69.5 ± 1.8 km/s/Mpc. The latter number is in between
and within the 1-2 σ range of the Planck and SH0ES
values, shown with vertical bands.
As the top panel in Fig. 3 shows, BAO alone can con-
strain the product rdh to a percent level accuracy, yield-
ing a value that is in a perfect agreement with Planck’s
ΛCDM. We note that rdh, if measured with sufficient
accuracy, can be used to discriminate between models.
As we will show in the forecast section, DESI alone will
determine rdh and Ωm with accuracy several times bet-
ter than Planck’s providing a powerful consistency test
without any assumptions about recombination physics.
IV. FORECAST FOR DESI
In this section, we perform a Fisher forecast for rd
and H0, as well as rdh and Ωm, using specifications of
the Dark Energy Spectroscopic Instrument (DESI) [48],
an upcoming stage-IV galaxy survey. We assume that
DESI will survey 14, 000 deg2 of the sky, using the Bright
Galaxies (BGS) (z . 0.45), Luminous Red Galaxies
(LRGs) (0.65 . z . 1.15) and Emission Line Galaxies
(ELGs) (0.65 . z . 1.65), and that we are able to ex-
tract the tomographic information on the past light cone
at a redshift resolution of ∆z . 0.1. In this forecast, we
used the full-shape anisotropic galaxy power spectrum
as observable, and marginalize over the RSD, bias and
Fingers-of-God parameters.
Parameter BGS LRG ELG ALL +σ(ωm) +2σ(ωm)
σ(rdh) 0.192 0.464 0.380 0.105 - -
σ(Ωm) 0.0066 0.0065 0.0047 0.0017 - -
σ(rd) - - - - 0.636 1.179
σ(H0) - - - - 0.323 0.560
TABLE II. A forecast for {rdh,Ωm} and {rd, H0} using dif-
ferent DESI tracers with Planck priors on Ωmh
2.
The forecast results are shown in Fig. 4 and Table IV.
We find that DESI alone will be able to measure rdh
in a recombination-independent way with an accuracy
of ∼ 0.1%, almost an order of magnitude better than
1 It is notably larger in early dark energy (EDE) models, which
puts them in tension with the galaxy weak lensing data.
Planck, providing an important consistency check. DESI
will also constrain Ωm with a five-fold improvement in
accuracy over Planck.
With the help of a Gaussian prior on Ωmh
2, based on
the present estimate from Planck [1], DESI will measure
rd and H0 with 1σ uncertainties of ∼ 0.6 Mpc and ∼ 0.3
km/s/Mpc, respectively. Unlike the case with the current
BAO data, which we saw not to be particularly sensitive
to the width of the Ωmh
2 priors, the results from DESI
will be directly dependent on it. As Fig. 4 and Table IV
show, doubling the width of the prior doubles the un-
certainties in rd and H0. Even then, DESI would yield
results with accuracy comparable to Planck’s.
The sensitivity of DESI to the prior on Ωmh
2 prompts
one to seek alternatives ways to constrain it to a similar
accuracy. The additional information could come from
the CMB weak lensing spectra from SO and CMB-S4,
which will improve considerably on Planck lensing [29],
as well as galaxy lensing from Euclid and LSST.
V. SUMMARY
We have shown that there is a wealth of informa-
tion that one can extract from the BAO data without
using information that depends on a particular recom-
bination model. In particular, one can measure rd and
H0 from the BAO by supplementing it with a prior on
Ωmh
2. This can be done by combining BAO with the
lensing information from either the CMB or the galax-
ies, or imposing a moderate Gaussian prior based on a
consensus determination of Ωmh
2 from CMB. We find
that the combination of BAO, SN, OHD, DES and PL
(or SL) give competitive determinations of both param-
eters, with rd ≈ 144.4+2.8−3.4 (143.6+2.8−3.3 ) Mpc and H0 ≈
69.3 ± 1.7(69.6 ± 1.7) km/s/Mpc, showing an excellent
consistency with rd ≈ 143.8±2.6 Mpc andH0 ≈ 69.6±1.9
km/s/Mpc obtained using the BAO+prior method.
We found that current BAO data provides a competi-
tive constraint on the product rdh, showing a good agree-
ment with the best fit ΛCDM value from Planck. We have
also performed a forecast for DESI, finding that it will
constrain rdh and Ωm with an order of magnitude better
accuracy that will allow for a powerful consistency check
against parameters determined from CMB.
Future CMB experiments, like the SO [27] and
CMB-S4 [28] will significantly improve on the current
CMB lensing reconstructions [29], while Euclid and
LSST will provide much better galaxy lensing data. It
will be interesting to perform a detailed forecast for
DESI+SO/S4+Euclid/LSST using rd as an independent
variable. We leave this to a future study.
It is evident that a recombination-model-independent
determination of rd and H0 prefers somewhat larger H0
and smaller rd than Planck data under the assumption of
ΛCDM. Such values of H0 are also consistent with the H0
determination from the tip of the red giant branch [49].
However, a smaller tension with SH0ES still remains.
69 9 . 0 9 9 . 5 1 0 0 . 0 1 0 0 . 5
0 . 3 0
0 . 3 1
0 . 3 2
 
 
Ω
M
r d h  [ M p c ]
 D E S I  B G S D E S I  L R G D E S I  E L G D E S I  A L L
1 4 2 1 4 4 1 4 6 1 4 8 1 5 0 1 5 26 5
6 6
6 7
6 8
6 9
7 0
 
 
H 0 [
km/
s/M
pc]
r d  [ M p c ]
 D E S I  B A O
 +  Ω M h 2  p r i o r +  2  Ω M h 2  p r i o r
FIG. 4. A forecast on {rdh,Ωm} (left) and {rd, H0} (right) using specification of the DESI survey. All contours are for the 68%
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2 are applied, where
‘Ωmh
2 prior’ means the Gaussian prior on Ωmh
2 from the Planck 2018 observations, namely, Ωmh
2 = 0.0011, and ‘2Ωmh
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There seems to be enough theory space for modifications
of the cosmological recombination process which is con-
sistent with these inferred values of rd and H0 [13]. Fu-
ture data will show if indeed it is necessary to amend
ΛCDM.
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